ABSTRACT Objectives: To determine factors associated with damage accrual in a prospective cohort of patients with SLE.
INTRODUCTION
SLE is a chronic multisystem autoimmune disease in which tissue inflammation results in organ dysfunction. Permanent organ damage occurs in 61% of patients within 7 years of the diagnosis of SLE 1 and it is well established that the accrual of damage, measured using instruments such as the Systemic Lupus International Collaborating Clinics/ American College of Rheumatology Damage Index (SDI), 2 contributes to mortality in SLE. 3 4 In the SDI, items scored do not have to be attributable to lupus disease activity in order to contribute to the aggregate measure; thus, treatment-related outcomes may also contribute. Damage accrual has been clearly shown to be associated with the cumulative effects of disease activity, [4] [5] [6] but recent studies have also suggested that damage may be associated with SLE treatment. 7 8 Indeed, some items scored in the SDI, such as osteoporosis, are more closely associated with glucocorticoid exposure than with active disease.
Glucocorticoid therapy remains a mainstay of SLE treatment in both the acute and chronic setting, and thus the majority of patients receive these medications for significant periods. It is well known that glucocorticoid use results in numerous predictable adverse effects, 8 9 and hence glucocorticoid use may contribute significantly to the morbidity of SLE. Indeed, recent studies have found associations between glucocorticoid therapy and permanent organ damage in lupus, 8 10 with some evidence that these
SIGNIFICANCE AND INNOVATION
▸ Glucocorticoid use in lupus is associated with the accrual of irreversible organ damage, independent of disease activity. Glucocorticoid use is associated with harm in both domains of the SDI traditionally associated with glucocorticoid-induced harm (cataracts, osteoporotic fracture, avascular necrosis, diabetes mellitus) and the residual SDI domains not previously associated with glucocorticoid-induced harm. ▸ The development of irreversible organ damage associated with glucocorticoid therapy occurs in a dose-dependent manner, with higher cumulative exposure associated with greater damage. ▸ Even lower doses of glucocorticoid than previously suspected are associated with damage accrual in SLE. The threshold identified was a time-adjusted mean prednisolone of 4.4 mg/day.
effects are dose-dependent. 10 However, it has been difficult to directly attribute organ damage to glucocorticoid use in SLE, as treatment with glucocorticoids generally occurs in the context of high disease activity.
The potentially independent contribution of glucocorticoid therapy to SLE organ damage has not been fully resolved. The objective of the present study was to quantify damage accrual in a prospectively followed cohort of patients with SLE and determine the association of glucocorticoid use with damage.
METHODS

Study setting
At the Monash Lupus Clinic in Melbourne, Australia, all patients are invited to enrol in the Monash Lupus cohort study. As previously described, 11 12 upon written informed consent, data (clinical and laboratory) are collected according to a standardised protocol at each review, undertaken at 2-6 monthly intervals as determined by the physician. Consenting patients (age >18 years) that met American College of Rheumatology (ACR) criteria for SLE (ACR criteria ≥4) 13 enrolled in the Monash Lupus database from January 2007 until November 2013 were eligible for this study. The study period was defined as the time between the first and last recorded SDI measurement for each individual patient. The project was approved by the Monash Health Human Research Ethics Committee.
There were a total of 222 patients enrolled in the study period. Thirty were excluded as they either failed to meet ACR criteria or to provide consent, and 30 patients were excluded because they had been reviewed on only a single occasion. The final number of patients included was 162.
Data collection
Baseline demographic data: The data included age, gender, self-reported ethnicity, 11 date of onset of SLE, date of SLE diagnosis, number of ACR criteria and smoking status.
Disease activity: At each review, disease activity was assessed using the Systemic Lupus Erythematosus Disease Activity Index-2K (SLEDAI-2K).
14 Where individual components of the SLEDAI-2K were incomplete, the previous value was carried forward, and where the firstvisit SLEDAI-2K was incomplete, those visits were not included. A time-adjusted mean SLEDAI (AMS) 15 was calculated as a measure of disease activity over time. Active disease was defined as AMS >4, as defined by Yee et al. 16 A three-point physician global assessment (PGA) of disease activity as used in the Safety of Estrogens in Lupus Erythematosus National Assessment (SELENA)-SLEDAI 17 was also completed at each visit, and a timeadjusted mean PGA was calculated as a measure of PGA over time.
Damage accrual: The SDI 2 which comprises 38 items in 12 domains was used to measure organ damage. SDI was scored at baseline and on an annual basis thereafter.
Baseline and last-visit SDI data allowed for analysis of damage accrual, with change in SDI>0 chosen as defining damage accrual on the basis of this being previously demonstrated to be clinically significant. 3 Four domains of the SDI focus specifically on glucocorticoid-related adverse effects, namely, osteoporotic fracture, avascular necrosis, diabetes mellitus and cataracts. From the sum of these domains, we generated a glucocorticoid-related SDI (GC-SDI) as recently described; 7 we also analysed damage accrual in the residual domains of SDI after subtraction of GC-SDI, referred to here as non-GC-SDI.
Treatment data: At each review, data were collected on all medications and doses. Information regarding in-hospital dosage of intravenous methylprednisolone was obtained through review of all patient medical records, and exposure was converted to prednisolone-equivalent dose for analysis. Patients with any glucocorticoid use were compared with patients with no glucocorticoid exposure, and cumulative glucocorticoid use was grouped by quartiles to allow for categorical analysis. Timeadjusted mean prednisolone was calculated as a measure of prednisolone exposure over time.
Statistical analysis
All statistical analyses were performed using Stata V.13.1 (StataCorp, College Station, Texas, USA). Continuous variables were described as median (IQR, range) and compared using Wilcoxon rank-sum tests. Categorical variables were described as frequency (%) and compared using χ 2 tests. In addition, χ 2 test for trend was also performed to assess the overall difference in damage accrual among the GC quartiles. Univariable and multivariable logistic regression analyses were carried out to identify factors associated with damage accrual. Variables with p<0.1 in univariate logistic regression analyses were included in multivariate analysis. Results were reported as ORs with 95% CIs. Values of p≤0.05 were regarded as statistically significant. Correlation between each of AMS and time-adjusted mean PGA with cumulative prednisolone dose was tested using the Pearson correlation coefficient, and found to be 0.52 and 0.49 ( p<0.01), respectively (see online supplementary figure S1). As AMS and time-adjusted mean PGA were highly correlated (r=0.76, p<0.01) (see online supplementary figure S1), the decision was made to only include AMS in the multivariate analysis. To evaluate our multivariable logistic regression model's prediction performance, the Hosmer-Lemeshow χ 2 test was performed which indicated that our model adequately fit the data ( p=0.5). In addition, a receiveroperating characteristic (ROC) test indicated high predictive accuracy (ROC=0.81).
RESULTS
Patient characteristics
In total, 162 patients were included in this study, and their baseline characteristics are presented in table 1.
Eighty-five per cent of patients were female, with a median (IQR) age at enrolment of 43 years (34, 54) . Ethnicity was diverse, with patients of Asian descent accounting for 40% of the study population. Antimalarial use was frequent, with 94% exposed to hydroxychloroquine during the period of observation. Also, methotrexate, azathioprine, mycophenolate, cyclophosphamide and rituximab use was common, with 26%, 41%, 25%, 6% and 4% respectively exposed during the period of observation.
At baseline, 40% of patients had active disease, defined as SLEDAI-2K>4, while 51% of patients had baseline SDI >0 (median (IQR) (range) baseline SDI=0 ((0, 1) (0, 4)) (table 1) .
One hundred and twenty-one patients (75%) were exposed to glucocorticoids during the period of observation. Baseline disease activity was higher in glucocorticoid-exposed patients when compared with those never exposed to glucocorticoids ( p<0.01) (table 1). Over the study period, AMS was significantly higher in glucocorticoid-exposed patients (4.3 vs 1.6, p<0.01), as was the frequency of immunosuppressant use ( p=0.01). Concordant with this, the number of clinic visits over the period observed was significantly higher in glucocorticoid-exposed patients (16 vs 10, p<0.01).
Factors associated with damage accrual
Damage accrual was observed in 57 patients. Damage accrual was significantly different between glucocorticoid-exposed and non-exposed patients (table 1) . Damage accrual was observed in 42% of glucocorticoid-exposed patients, compared with 15% of patients not exposed to glucocorticoids ( p<0.01). In addition, χ 2 test for trend showed a statistically significant difference ( p<0.01) in damage accrual among GC dose categories (quartiles). Although the proportion of patients with change in GC-SDI was higher in glucocorticoid-exposed patients (12/121 vs 2/41), this was not statistically significant (table 1) . Damage accrual was also significantly more frequent among patients with damage at baseline (baseline SDI>0). Of 82 patients (51%) with SDI>0 at enrolment, 39 (48%) accrued further damage during the study period. In contrast, only 18/80 (22%) patients who did not have organ damage at baseline had damage accrual at the end of the study ( p<0.01).
Univariate logistic regression analysis showed that high disease activity (AMS>4), baseline SDI and higher quartiles of cumulative prednisolone were each significantly associated with change in SDI (table 2) . Multivariate analysis was performed to identify independent factors influencing damage accrual, and ORs were adjusted for ethnicity, AMS, baseline SDI and cumulative prednisolone quartiles. After adjustment, only a trend towards significance for the association of AMS>4 with damage accrual was observed (adjusted OR=1.88, 95% CI (0.81 to 4.35), p=0.14) (table 2). In contrast, baseline SDI remained strongly associated with damage accrual, with a threefold increase in risk of damage accrual (table 2) . Cumulative prednisolone exposure was also strongly associated with damage accrual. Patients in the highest quartile of cumulative prednisolone had an OR for damage accrual of over 10 compared with those in the lowest quartile (adjusted OR=13.46, 95% CI (3.59 to 50.4), p<0.01). A dose-response relationship was observed between cumulative prednisolone use and damage accrual, with increasing ORs with each ascending quartile, and the third quartile of cumulative prednisolone use also statistically significant for damage accrual (table 2) . When compared with Caucasians, Asian ethnicity was associated with reduced odds of damage accrual (adjusted OR=0.22, 95% CI (0.09 to 0.53), p<0.01) (table 2). No statistically significant associations between damage accrual and other demographic factors including gender, age, and current smoking were found. As time-adjusted mean PGA was highly correlated with AMS, we did not include PGA in the multivariable analysis reported here; when included in the analysis, there was no effect on the associations of glucocorticoid use with damage accrual (data not shown).
Factors associated with damage accrual in glucocorticoid-related and non-glucocorticoid related domains Fourteen patients developed damage in GC-SDI domains, including 12 patients exposed to glucocorticoids during the study period (table 1) . In multivariate analysis, higher cumulative prednisolone exposure was associated with GC-SDI accrual, with an OR of the highest quartile prednisolone exposure for GC-SDI accrual of over 9 (OR: 9.79 (95% CI 1.43 to 66.8), p=0.02) (table 3) . Ethnicity, baseline SDI and AMS were not significantly associated with damage accrual in the GC-SDI (table 3) . We also analysed damage accrual in the residual domains of SDI after subtraction of GC-SDI, the 'non-GC-SDI'. In univariate analysis, non-GC-SDI accrual was associated with baseline SDI, AMS and with cumulative glucocorticoid dose, and negatively associated with Asian ethnicity (table 3). In multivariable analysis, non-GC-SDI remained significantly associated with baseline SDI (OR=3.09 (95% CI 1.36 to 7.04), p<0.01), AMS>4 (OR=2.53 (95% CI 1.07 to 6.02), p=0.04) and with cumulative prednisolone exposure, with an OR of 9.21 (95% CI 2.39 to 35.5, p<0.01) for the highest compared with the lowest quartile of glucocorticoid exposure (table 3). The negative association of Asian ethnicity with non-GC-SDI accrual also remained significant after adjustment (table 3) . Inclusion of PGA in the multivariate analysis did not impact on the significance of associations of glucocorticoid exposure with damage accrual in either domain (data not shown).
In supplementary analyses (see online supplementary tables S1 and S2), we substituted timeadjusted mean prednisolone for cumulative prednisolone exposure and found that associations of overall damage accrual with glucocorticoid use remained significant using this descriptor. In multivariable analysis controlling for baseline SDI, AMS and ethnicity, we confirmed an independent association of overall damage accrual with time-adjusted mean prednisolone that strengthened with higher mean daily dosage. Time-adjusted mean doses of prednisolone in the upper two quartiles of daily dose, that is, >4.42 mg/ day or >7.82 mg/day, were associated with significantly increased overall damage accrual, and the highest risk of damage accrual in non-GC-SDI was observed in the highest quartile of glucocorticoid exposure, a timeadjusted mean daily dose ≥7.82 mg/day. Cumulative glucocorticoid exposure was not analysed as a continuous variable given the skewed distribution of the data. We also analysed the frequency of damage accrual events in organ-specific subdomains of the SDI according to glucocorticoid exposure (see online supplementary table S3) and found no statistically significant trend in the association of glucocorticoid use with any individual organ domain.
DISCUSSION
Glucocorticoids are commonly prescribed in SLE because of their rapid and broad-spectrum actions on the immune system. 18 Although they have predictable dose-dependent adverse effects, glucocorticoids continue to be widely used in SLE because of a lack of suitable alternatives. Given emerging evidence of harm associated with the use of glucocorticoids in SLE, 7 19 reduction in glucocorticoid dose has been used as a secondary endpoint in clinical trials and recommended as part of a treat-to-target approach. 20 21 However, the nexus between the beneficial and harmful effects of glucocorticoids in SLE is incompletely understood. We undertook a study of predictors of damage accrual in a longitudinally followed cohort of patients with SLE, with a focus on glucocorticoid use. We report that glucocorticoids are associated with overall damage, glucocorticoidinduced damage and damage in domains of the SDI not traditionally associated with glucocorticoid-induced harm, independently of disease activity.
This study was undertaken in a longitudinal SLE cohort in which disease activity, damage and drug treatment data are collected prospectively. 11 12 The median period of observation was 4 years, and the median AMS was 3.5; this was sufficient to see the accrual of irreversible organ damage, as measured using change in SDI, in approximately one-third of patients. As expected, factors significantly associated with damage accrual in univariate analysis included baseline damage score and a timeadjusted measure of disease activity, AMS. In multivariate analysis, baseline SDI was significantly and independently predictive of damage accrual in overall and non-GC-SDI domains, but not GC-SDI. AMS only trended towards significance in the covariate-adjusted regression model for overall damage, but as expected was significantly associated with damage accrual measured using the non-GC-SDI.
The association of glucocorticoid use with damage accrual was analysed in several ways. Initially, damage accrual was compared in patients with and without glucocorticoid exposure. Glucocorticoid exposure was significantly associated with increased likelihood of damage accrual. Second, in a categorical analysis of cumulative glucocorticoid exposure, we found a strong relationship between higher exposure and damage accrual. Patients whose glucocorticoid exposure fell in either of the two highest quartiles had significantly increased damage accrual; the time-adjusted mean daily prednisolone dose at the interface of the second and third quartiles was only 4.42 mg/day. This is a lower threshold for the association of glucocorticoids with damage accrual than that recently reported by Thamer et al, 10 who studied a prespecified low dose cut-off of 6 mg/day and found that doses below this were not associated with damage. We analysed our data using this cut-off, and unlike Thamer et al, 10 we found this cut-off did not separate patients who did and did not accrue damage (data not shown). Indeed, our results indicate that the highest quartile of time-adjusted mean daily dose, associated with highest risk of damage accrual in both GC-SDI and non-GC-SDI domains, included patients with mean daily doses as low as 7.8 mg/day. Our *ORs were adjusted for ethnicity, baseline SDI, AMS and cumulative prednisolone. †ORs were adjusted for ethnicity, baseline SDI, AMS and cumulative prednisolone. Δ, change; GC-SDI, glucocorticoid-related SDI; SLEDAI, Systemic Lupus Erythematosus Disease Activity Index.
findings suggest that only extremely low doses of glucocorticoid can be considered free of association with damage accrual in patients with SLE.
As expected, glucocorticoid-exposed patients had significantly worse disease activity, potentially confounding analysis of the association of glucocorticoid dose with damage. However, the association of cumulative glucocorticoid use with damage accrual remained significant after adjustment for disease activity and ethnicity as well as baseline SDI. An association of glucocorticoids with damage independent of disease activity has been documented in several recent studies. 7 8 10 22-25 In 2014, Ruiz-Arruza reported prednisolone to be independently associated with damage in an ethnically homogeneous Spanish cohort. 7 They did not report the contribution of disease activity to damage accrual, and disease activity was integrated into multivariate analysis using mean SLEDAI as opposed to the more informative AMS. A recent analysis of over 2000 patients with a mean observed period of 6.2 years in the Hopkins Cohort 19 reported a 2.8% increased risk of developing new organ damage for each 1 mg/day of prednisolone. An independent association of glucocorticoid use with damage accrual was also recently reported in the Systemic Lupus International Collaborating Clinics (SLICC) inception cohort, although in that study glucocorticoid use was only recorded as present or absent, 24 preventing consideration of dose thresholds to damage accrual.
We also analysed a recently reported measure of glucocorticoid-related damage, derived from four putatively glucocorticoid-dependent domains of the SDI, known as the GC-SDI. 7 The GC-SDI was first reported 7 in a study which showed an adjusted OR that approached 10 for GC-SDI among patients with SLE exposed to prednisone >7.5 mg/day over 5 years. In our cohort, accrual of GC-SDI was twice as prevalent in patients that had received glucocorticoids compared with patients not exposed during the study period. Moreover, the OR for accrual of damage in the GC-SDI was >12 in patients in the highest quartile of cumulative glucocorticoid exposure, after adjusting for covariates including ethnicity, baseline SDI and disease activity; this equated to a time-adjusted mean daily dose of 7.82 mg/ day, remarkably similar to that reported by Ruiz-Arruza. Two patients who were not exposed to glucocorticoids during the study period accrued glucocorticoid-related damage; one patient who developed an osteoporotic fracture had been exposed to glucocorticoids prior to study entry, and the second developed cataracts. Analysing for GC-SDI afforded us the opportunity to study the remaining domains of the SDI, which we notionally designated as the non-GC-SDI. Both univariate and multivariate analyses revealed a significant positive association between AMS and the accrual of damage in non-GC-SDI. Importantly, we also found that glucocorticoid use was highly significantly associated with damage accrual in this domain, and this association remained significant after adjusting for other variables. We conclude that glucocorticoid use is associated with damage accrual across the range of directly glucocorticoid-associated and disease-associated endpoints in SLE.
The possibility that glucocorticoid exposure exacerbates SLE organ damage in domains not traditionally associated directly with glucocorticoid use has not previously been suggested. There are several possible explanations for these observations. The first is that glucocorticoids fail to fully arrest the progress of damage caused by active SLE; however, the persistence of the association of damage with glucocorticoid exposure after adjusting for baseline SDI and SLEDAI-2K does not support this. An alternative explanation is that the SLEDAI-2K does not fully capture aspects of disease activity that place patients at risk of irreversible damage, and that glucocorticoid dose is a simply surrogate indicator of disease activity. The inclusion of PGA in the assessment of disease activity potentially overcomes the limitations of measures such as the SLEDAI-2K. Our analysis of associations of PGA with damage accrual, including its inclusion in the multivariable analysis model, did not support the conclusion that the contribution of glucocorticoids to damage accrual is simply a reflection of disease activity.
It is possible that glucocorticoid effects on the immune system include activating effects on cellular mechanisms that contribute to damage in SLE. Possible pathways include glucocorticoid-associated increases in macrophage migration inhibitory factor (MIF), expression of which is strongly associated with disease activity and damage in murine models of SLE and in the human disease; [26] [27] [28] MIF, paradoxically, is induced by glucocorticoids and directly mediates cellular effects which oppose glucocorticoid inhibition of inflammation. 29 30 Studies of molecular pathways with potentially damaging effects in SLE that are either not suppressed by, or are indeed induced by, glucocorticoids might reveal novel therapeutic targets to prevent SLE organ damage.
We observed a significant association between Asian ethnicity and reduced damage accrual. The association of Asian ethnicity with increased disease activity has previously been reported in a study from this centre, 11 but in that study, differences in SDI over time were not recorded. Studies from multiethnic SLE cohorts have not consistently replicated associations between damage accrual and Asian ethnicity. Two studies report increase in renal-related damage in Asian patients, 31 32 whereas another study reported reduced damage accrual in Asians. 33 The actual ethnic background of patients designated as Asian, and the method of designation, varies among these studies. However, the possibility that genetic or environmental factors associated with Asian ethnicity contribute to higher disease activity but protection from damage accrual in SLE is intriguing and requires further investigation.
Certain caveats apply to the interpretation of the current study. This was a single-centre study, although one undertaken in a cohort in which clinical data including glucocorticoid dose are recorded prospectively. Information on prednisolone use was gained through physician documentation of patients' self-report in the clinic. Unlike other medicines which can be measured in blood, adherence to glucocorticoids is difficult to measure. 34 Glucocorticoid effects on body habitus may impact on adherence; low levels of adherence have been documented in one formal study. 35 Inpatient intravenous methylprednisolone exposure in 11 patients was included in the analysis presented; exclusion of intravenous dosing did not alter the associations of glucocorticoid exposure with overall, GC-related or non-GC related damage accrual. The population that received intravenous methylprednisolone had significant differences to the population that did not (see online supplementary table S4), including higher disease activity, damage scores and overall glucocorticoid exposure; however, the low number of patients precluded analysis for specific impact of intravenous methylprednisolone exposure on damage beyond the contribution to overall exposure. The size of the study also prevented multivariable analysis of contributions of glucocorticoid exposure and disease activity to individual domains of the SDI, but it is possible that patients with low disease activity in the setting of high glucocorticoid dose, or vice versa, have particular patterns of damage accrual that our analysis did not detect. It is noted that the ability of SLEDAI-2K and PGA to capture all aspects of disease activity in SLE is imperfect, and therefore statistical adjustment for disease activity using these measures may not capture all the effects of disease on damage accrual. Further studies to determine the nature of these 'missing' contributors are required. Finally, although accrual of damage measured using the SDI has been shown to be clinically significant, 3 the SDI assigns similar scores to clinically diverse phenomena, and the clinical impact of individual changes in domains of the SDI and their link to glucocorticoids are incompletely understood.
In conclusion, this study demonstrates that glucocorticoid use is strongly associated with the accrual of organ damage in SLE. The association of glucocorticoid exposure with damage accrual was independent of measures of disease activity and baseline damage, even when applied following the exclusion of the glucocorticoid-induced domains of the SDI. Results were most significantly associated above a time-adjusted mean dose 7.82 mg/day, however, strikingly, were still significant above a very low dose of 4.42mg/day. Given the limitations of observational studies in the face of confounding by indication, our findings suggest the urgent need for a randomised study comparing the effect on damage accrual of usual care with that of a strategy that stringently limits glucocorticoid dosing. Our findings further emphasise the need for new, more effective treatments for SLE that minimise or eliminate the need for glucocorticoids.
